In this letter, we demonstrate high slope efficiency laser emission from reflective liquid crystal laser devices with a silicon backplane. Three different cell architectures were fabricated and each resulting laser device was then characterized in terms of the excitation threshold and the slope efficiency when optically excited close to the absorption maximum of the gain medium ͑pyrromethene 597͒. By combining a high gain medium with double-pass geometry, as well as the optimum cell thickness, the results demonstrate that it is possible to reduce thresholds by 25% and achieve slope efficiencies as high as 60%. © 2010 American Institute of Physics. ͓doi:10.1063/1.3526750͔
Liquid crystal ͑LC͒ band-edge laser devices have triggered intensive research during the past 10 years.
1,2 Strategies with which to enhance the laser performance have been reported in the literature in the form of changes in the material properties such as the birefringence and the order parameter [3] [4] [5] [6] and modifications to the cell design. [7] [8] [9] The most common changes in the cell structure that have been considered have involved reflective elements in the form of aluminum mirrors and polymerized cholesteric reflectors so as to create either a single-emission direction and/or to increase the number of passes of the pump beam through the LC cell. For example, Zhou et al. 7 showed that by using either a mirror or a cholesteric reflector the output intensity increased by a factor of 2 compared with a conventional glass cell. The study carried out by Amemiya et al. 9 showed that the output intensity is increased if both the pump beam and the LC laser beam are reflected indicating that metallic reflectors may offer a greater enhancement than polymerized cholesteric reflectors. However, in both cases, the output energy was not determined specifically and so the actual improvement to the slope efficiency is not known.
In light of the obvious benefits of the single-emission window/reflected configuration, the motivation for this study was to determine the actual enhancement of the slope efficiency of a LC laser that was achievable using a combination of an optimized mixture and a double-pass geometry using a metal reflector. Furthermore, we make additional modifications to the device architecture through the use of a silicon backplane with which to provide enhanced thermal conductivity and therefore enable heat to be extracted from the LC laser "cavity." Antireflection coatings are also employed to reduce losses due to unwanted reflections of the pump beam. By comparing this device, with a conventional glass cell, it is found that the excitation threshold is reduced by 25% but more significantly that the slope efficiency is increased from 39% to 60%.
The laser samples used in this study were prepared by dispersing a low concentration by weight of a high twisting power chiral dopant ͑BDH1281, Merck KGaA, Germany͒ and a laser dye into the well-known high order parameter nematogen mixture E49 ͑Merck KGaA͒. The concentration of the chiral dopant was determined by the pitch required to position the long-wavelength photonic band-edge at the gain maximum of the laser dye. For this study, the laser dye that was chosen was pyrromethene 597 ͑PM597, from Exciton, USA͒, as it has previously been shown to exhibit a high quantum efficiency in a chiral nematic host and, as a result, laser emission that has both a low-excitation threshold and a high slope efficiency. 5 Three cells were fabricated for this study: ͑1͒ a conventional glass cell, ͑2͒ a glass cell with antireflection ͑AR͒ coating, and finally ͑3͒ a reflective cell with a silicon backplane. The conventional glass cell is identical to that used in previous studies and consisted of two glass substrates each of approximately 1.1 mm in thickness with spacer beads dispersed into glue to form the walls of the cell. The cell thicknesses were chosen to be of the order of 10 m, since a previous study has found that at this thickness the performance is optimized when the LC, E49, is used as the host. 6 This is also in agreement with the results obtained in Ref. 8 . The inner substrates were coated with a unidirectionally rubbed polyimide alignment layer prior to the cell assembly so as to promote a Grandjean texture of the chiral nematic upon filling of the LC laser sample. A second cell was prepared but in this case the outer surface of the glass substrates was coated with a thin broadband antireflection layer so as to prevent unwanted reflections of the pump beam upon excitation and therefore to increase the pump efficiency.
The final cell considered consisted of a bottom silicon backplane that was coated with a reflective metallic layer ͑400 nm of cold evaporated aluminum͒, which was then rubbed with a polyimide alignment layer. The reason for selecting a silicon backplane is twofold: First, it is easier to coat than glass, which is of importance for the fabrication procedure but, more importantly, it is also a much better thermal conductor and therefore assists in removing heat generated from the input laser pulse. A top glass substrate was added to this backplane, which also consisted of an inner rubbed polyimide alignment layer as well as an antireflection coating on the outer surface of the glass. Overall, the dimensions of the cell were 20ϫ 18 mm 2 . A schematic for the device configuration is shown in Fig. 1 .
The lasing performance of each laser device was studied under optical excitation using the second harmonic ͑ = 532 nm͒ output from a Q-switched neodynium:yttriumaluminum-garnet ͑Nd:YAG͒ laser ͑Polaris II, New Wave Research, USA͒ that emitted pulses that were 5 ns in duration with a repetition rate of 1 Hz. The intensity of the excitation beam could be controlled using a built-in attenuator. The photonic band-gap of the LC sample is quite broad ͑ϳ80 nm͒ due to the birefringence of the LC, and therefore it overlaps with the pump wavelength. As a result, for linearly polarized light, 50% of the beam would be reflected by the band-gap. To avoid this, the excitation beam was converted to a circular polarization using a quarter-wave plate so that it was identical to the opposite sense of rotation of the helix and would thus be unaffected by the band-gap. Following the quarter-wave plate, a focusing lens was used to create a spot of ϳ50 m in diameter at the sample. The pump beam is incident on the sample at an angle to the normal of the substrates. Emission from the laser devices was collected along the cell normal parallel to the helix axis using a series of collection optics, which was then directed toward a fiberoptic bundle connected to a universal serial bus-based spectrometer ͑HR2000, Ocean Optics, USA͒, with a resolution of 0.3 nm, so that the spectral characteristics could be recorded. To determine the efficiencies of the lasers, the input and output energies of the devices were measured using calibrated pyroelectric detectors. Figure 2 shows the transmission spectrum of the laser mixture that was recorded using the conventional glass cell. From this spectrum, the absorption of the PM597 laser dye can clearly be seen superposed on the band-gap, along with the long-wavelength edge of the band-gap. The absorbance maximum ͑ max = 530 nm͒ is close to the wavelength of the pump laser to ensure maximum absorption. On the secondary axis the fluorescence and laser spectrum are plotted showing the location of the laser wavelength with respect to the fluorescence maximum ͑ max = 577 nm͒. The laser wavelength is slightly longer than that of the fluorescence maximum since it has been shown that the gain maximum is at a slightly longer wavelength of 582 nm. 5 The output pulse energy, as a function of input pulse energy, is plotted in Fig. 3 for the three different cells when filled with the same laser mixture. For the conventional glass cell and the AR-coated cell the output includes both the forward and backward directions. Figure 3͑a͒ shows the emission energy of the three lasers up to an input energy of 10 J. It is clear from the graphs that the emission energy of the reflective LC laser cell with the silicon backplane is significantly higher than that of the two other cell structures at all input energies up to 15 J / pulse. The straight line fits to the data were used to determine the slope efficiency of each laser device. In Fig. 3͑b͒ , the output energy is shown up to an input energy of 40 J / pulse. The maximum output energy of the reflective cell is 5.4 J / pulse, which corresponds to a peak power of ϳ1 kW, for a pumping pulse of 5 ns duration. The maximum average output power of the cell, on the other hand, was limited by the repetition rate ͑20 Hz͒ of the pump Nd:YAG laser to 100 W. However, for an alternative LC laser mixture, average output powers of more than 2 mW have been achieved using a sample with a lower slope efficiency of 15%. 2 Further work is currently being carried out to achieve high average output powers with high slope efficiencies through refinements to the LC sample.
For each plot, the data show the characteristic roll-over that is typically attributed to dye-degradation and thermal effects. A striking feature is that the input energy, which corresponds to the maximum output, is somewhat lower for the reflective cell than the other two cells. This may be a result of the fact that the heat generated in the sample is greater due to the double-pass of the pump beam. Nonetheless, neither the conventional glass cell nor the AR cell is able to achieve the same peak power even when the input energy is increased further.
Upon reflection from the aluminum-on-silicon substrate the handedness of polarization of the LC laser beam is reversed. The liquid crystal laser beam that is emitted in both directions along the helix axis is right circularly polarized light since the helical structure is right handed. The component that travels toward the silicon substrate is then converted to left circularly polarized upon reflection, which results in the fact that the LC laser beam at the output of the sample consists of both right and left circularly polarized components. The result is a superposition of the two components to yield a linearly polarized output. Research is currently underway to determine the polarization contrast ratio of the laser emission.
The excitation threshold was also found to vary and these results are presented in Table I along with the corresponding slope efficiencies. It can be seen that the threshold was found to decrease from 40 nJ ͑ϳ2 mJ cm −2 ͒ for the glass cell to 33 nJ ͑ϳ1.7 mJ cm −2 ͒ for the reflective cell while at the same time the slope efficiency increased from 39% to 60%. It appears that both the AR-coating and the aluminum-on-silicon backplane contribute to the reduction in the threshold. The high slope efficiency is due to a combination of the double-pass of the pump beam, the coupling of the backward and forward emitted beams, and the high efficiency laser sample. According to standard laser theory, the excitation threshold ͑E th ͒ and slope efficiency ͑ s ͒ depend on the pump efficiency ͑ p ͒ as E th ϰ 1 / p and s ϰ p , respectively. The decrease in threshold and increase in slope efficiency compared with the conventional glass cell can be understood in terms of the increase in the pump efficiency due to a greater absorption of the input beam as a result of the double-pass through the cell.
In conclusion, the results presented in this letter demonstrate that very high slope efficiencies are achievable using band-edge liquid crystal lasers. By increasing the number of times the pump beam propagates through the medium and increasing the quantum efficiency, even higher efficiencies may be achievable in the future. Moreover, the use of the silicon backplane opens up interesting possibilities for electrically addressable, tunable active matrix laser arrays, laboratory-on-a-chip devices and forms of two-dimensional or combinatorial spectroscopy. 
